Abstract. Searches for new physics will increasingly depend on identifying deviations from precision Standard Model (SM) predictions. Quantum Chromodynamics (QCD) will necessarily play a central role in this endeavor as it provides the framework for the parton model. However, as we move to higher orders and into extreme kinematic regions, we begin to see the full complexities of the QCD theory. Recent theoretical developments improve our ability to analyze both proton and nuclear PDFs across the full kinematic range. These developments are incorporated into the new nCTEQ15 PDFs, and we review these developments with respect to future measurements, and identify areas where additional effort is required.
The Character and Consequences of QCD

1
"QCD is our most perfect physical theory." 2 Its scope is wide ranging spanning nuclear physics, particle physics, cosmology, and astrophysics. It also contains a wealth of phenomena including: "radiative corrections, running couplings, confinement, spontaneous (chiral) symmetry breaking, anomalies, and instantons" [1] .
QCD is both a force whose properties we want to study, and also a tool we can use to link experimentally measured hadronic cross sections to theoretically calculable cross sections in the context of the parton model. The basic statement of the parton model is: σ A→X = f a/A ⊗ σ a→X where we factorize the complex non-perturbative QCD interactions into the Parton Distribution Functions (PDFs) f a/A and the theoretical partonic cross section σ a→X . Here, σ A→X is the physically measurable cross section, and A can represent either a proton or a nucleon.
As we push our calculations to higher precision and into extreme kinematic regions (such as low-Q 2 or hi/low-x) we may encounter a variety of phenomena such as those illustrated schematically in Fig.1 . While many of these phenomena can be neglected at lower orders and lower precision, if we are to properly analyze the new generation of high-precision high-statistics experiments, we must consider the potential impact of these manifestations of the QCD theory. The recent performance of the LHC has exceeded expectations and produced an unprecedented number of events to be analyzed. However, to advance our understanding of these processes and the inherent aspects of the QCD theory requires both improved theoretical tools and complementary data from other experiments such as an Electron Ion Collider (EIC) and Large Hadron electron Collider (LHeC). In the same manner that the combination of the HERA ep and Tevatron pp data provided maximum knowledge of the underlying physics, the combination of the LHC and future lepton-hadron data can further expand our search for new physics and our understanding of QCD.
To carry out this program requires both the above data, and also improved theoretical tools to perform the analysis. We briefly review some of the recent progress, and identify areas where additional effort is required. Figure 1 . We schematically represent the variety of phenomena which may enter when considering proton and nuclear PDFs at high precision. We emphasize that the nuclear PDFs and corrections are important for flavor differentiation.
Nuclear PDFs
Historically, the nuclear PDFs (nPDFs) and the associated nuclear correction factors have played a key role in the flavor differentiation of the proton PDFs. The common processes used to extract the proton PDFs were Deeply Inelastic Scattering (DIS), Drell-Yan (DY) lepton-hadron scattering, and jet production. These processes involve different linear combinations of the partonic flavors, and the neutrino-nucleon DIS processes are especially valuable as we can extract the four quantities {F To comprehensively analyze both proton and nuclear data in a single unified framework, we have developed the nCTEQ project which can combine both data sets (including uncertainties) into the fit. The nCTEQ15 set of nPDFs [2] is illustrated in Fig.2 , and this extends the CTEQ proton PDFs fits to include the nuclear dependence across the full A range from proton up to 208 Pb.
The Strange Quark
To illustrate the challenges of fitting the nPDFs, in Fig.3 we display the effective nuclear correction factors R on iron for neutral-current charged-lepton ( ± ) DIS and charged-current neutrino (ν,ν) DIS. xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx xxxxxx 2 σ/dM/dy in pb/GeV for pp to W + production at the LHC for 14 TeV with CTEQ6.6 using the VRAP program at NNLO. C.f. Ref. [7] for details.
The R values differ, and this uncertainty then feeds into the individual flavors such as the strange quark s(x). Prior to the LHC data, our knowledge of s(x) came primarily from νFe DIS, so the uncertainty of the nuclear correction was an important consideration. Consequently, improvements in the nuclear correction factor R will yield improved proton PDFs.
At the higher energy scales of the LHC, the (relatively) heavier parton flavors (such as the strange) play a more prominent role. This is illustrated in Fig.4 where we find the cs → W + contribution is EPJ Web of Conferences much larger than at the Tevatron (for example) where the ud process dominated. We can then turn this issue around and use the LHC data to impose constraints on the strange quark. [8] In this instance, the combination of fixed-target νN DIS data together with LHC W/Z production data can improve constraints of both the strange PDF and the nuclear correction factors. Figure 6 . a) Cross section for associated production of γ and c/b. [9] b) Same with an intrinsic charm component. [10] Considering the heavier charm and bottom quarks, these enter the PDF for energy scales above the quark mass values; as the c and b PDFs are primarily produced by gluon splitting (g → cc and g → bb), these affect the momentum fraction carried by the gluon (c.f., Fig.5 ).
Charm and Bottom Quark
While we generally assume that there is no primordial component of the c and b PDFs for energy scales below the quark mass, it has been postulated that there could be an additional "intrinsic" component which would be added to the usual "extrinsic" component (which comes from gluon splitting). There are a number of measurements where the "intrinsic" component could manifest itself; see Ref. [11] for a recent review. Fig.6 -a shows the data for γ + c → X is above the theory prediction at the largest p γ T values; an additional "intrinsic" component ( Fig.6-b) can shift the theory in the direction of the data at large p γ T . While this observation is intriguing, additional precision and analysis is required to definitively claim evidence of an "intrinsic" component.
On a related topic, recent theoretical work demonstrated that (to a good approximation) the evolution of the intrinsic heavy quark component is governed by non-singlet evolution equations which can be decoupled from the evolution of the remaining PDFs. [12] The observation allows an (approximate) intrinsic component to easily be included with any calculation without the need for a specially evolved PDF set; this greatly simplifies our ability to search for, and place constraints upon, intrinsic charm and bottom components of the nucleon. Recent advances in the automation of higher order calculations have tremendously increased the breadth of processes which are available at NNLO and beyond. As we move to these higher orders, our PDFs and α s (µ) functions are discontinuous 3 when we shift the number of flavors from N F to N F + 1; c.f. Fig.7 . An elegant property of QCD is that despite the (fixed order) discontinuity of the PDFs and α s , the discontinuity of any physical quantity will systematically decrease order by order in perturbation theory; that is to say, at order k we have the relation:
Higher Order Calculations
. This is certainly a remarkable result.
Incisive Analysis Tools
Finally, as we advance our analysis methods it is important to develop new tools and metrics that can insightfully and effectively convey the essence of the physics. In Fig.8 we display the correlation cosine cos φ vs. x for a variety of experiments. The plot effectively conveys which experiments influence the PDFs in different x regions, and how they are correlated. To emphasize this point we compare the u-valence (left) with the flipped d-valence figure (right); by flipping the figure we see that u-valence and d-valence are anti-correlated. Thus, as the fit works to find a minimum χ 
Conclusions
Recent theoretical developments provide improved precision for both proton and nuclear targets across a wide kinematic range. Further improvements will rely on a combination of additional theoretical advances, and a broad range of experimental measurements. The prospect of future data from EIC and LHeC facilities would be a valuable complement to the LHC and advance both our search for new physics and our understanding of QCD.
